Background: Left ventricular (LV) mechanical dyssynchrony can lead to impairment of LV function and is associated with adverse clinical outcomes in coronary artery disease (CAD) patients. The impact of LV dyssynchrony on exercise capacity (EC) in patients with CAD was investigated.
eft ventricular (LV) mechanical dyssynchrony is a common phenomenon in heart failure (HF) patients. 1 However, it can also occur in those HF patients with a preserved LV ejection fraction (LVEF) who have a narrow QRS complex. 2 The presence of LV mechanical dyssynchrony is associated with impairment of LV systolic and diastolic function and adverse clinical outcomes. 3-5 Coronary artery disease (CAD) is the commonest cause of HF. In patients with CAD, impaired exercise capacity (EC) is common and is associated with increased cardiovascular and overall mortality. 6 Various markers of LV systolic and diastolic function derived from Doppler echocardiography have been used to predict functional capacity, including LV dimension, LVEF, transmitral inflow velocity, and myocardial velocity by tissue Doppler imaging. 7-13 However, the role of LV mechanical dyssynchrony in determining EC in CAD patients with normal LVEF and narrow QRS complex has not been fully explored. The purpose of this study was to evaluate whether LV mechanical dyssynchrony is a factor in impairing the EC in patients with CAD with a normal LVEF and narrow QRS complex.
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Methods
Study Population
Consecutive patients referred to the Queen Mary hospital's cardiac specialty clinic with the diagnosis of confirmed CAD (at least more than 50% stenosis of 1 or more coronary artery vessels by invasive coronary angiography) were recruited. Patients with significant or symptomatic CAD received coronary revascularization. All patients were stable and had been prescribed consistent medications for at least 12 months before enrollment. Patients who had a documented history of congestive HF, severe valvular heart disease, cardiomyopathy, chronic atrial fibrillation, previous pacemaker implantation, prosthetic valve, a QRS duration >120 ms, LVEF <40%, recent myocardial infarction (MI), unstable angina, or who had a stroke within the last 6 months were excluded. This study was approved by the local Institutional Review Board and informed consent was obtained from all participants.
Echocardiography and Tissue Doppler Imaging
Detailed echocardiographic examination with tissue Doppler imaging was performed in all patients to determine mechanical function and dyssynchrony just prior to exercise testing. A Vivid 7 echocardiographic machine (Vingmed-General Electric, Horton, Norway) with a M4S transducer was used with the patient in the left decubitus position and recordings were made by a single experienced cardiologist blinded to all clinical details of the patients. Standard 2-dimensional and Mmode measurements were obtained according to the guidelines of the American Society of Echocardiography, 14 and LVEF was measured using modified biplane Simpson's method from apical 4-and 2-chamber views. Mitral inflow E velocity and its deceleration time, and mitral inflow A velocity were measured using pulse wave Doppler with the sample volume placed at the tips of the mitral valve from the apical 4-chamber view. The ratio of mitral inflow E velocity to myocardial E'sep velocity (E/E'sep) or E'lat velocity (E/E'lat) measured by pulsed tissue Doppler spectrum were calculated as an index of LV filling pressure. Diastolic function was categorized as: normal filling pattern (mitral inflow E/A ratio >0.5, deceleration time >220 ms <280 ms, E/E'sep <8), abnormal relaxation filling pattern (mitral inflow E/A ratio <0.5, deceleration time >280 ms, E/E'sep >12), pseudonormal or restrictive filling pattern (mitral inflow E/A ratio >1.5, deceleration time <220 ms, E/E'sep >15). 15 Tissue Doppler imaging was obtained for long axis motion from the apical 4-chamber, 2-chamber and apical long axis views. Angle, depth and pulse repetitive frequency were ad- 
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justed to accommodate the highest frame rate possible (usually >150 frames/s). At least 3 consecutive beats were analyzed offline using a workstation (EchoPac-PC, version 6.1.0, Vingmed-General Electric, Horton, Norway). Myocardial velocities were measured at basal segments in septal, lateral, anterior, inferior, posterior and anteroseptal wall with sample volume set at 6 mm×6 mm. Systolic (Vs), early diastolic (Ve) and atrial contraction (Va) velocities were assessed. The time event was measured as the time interval from onset of QRS complex to peak myocardial systolic velocity. Intra-ventricular mechanical synchronicity was assessed as the standard deviation of time to peak systolic velocity (Ts-SD) among 6 basal segments of LV. The degree of inter-ventricular mechanical synchronicity (Ts-RL) was determined by the time difference between Ts at the RV free wall and LV lateral wall.
The inter-and intra-observer reproducibility for measurement of Ts-SD was 8.1% and 9.0%; and for Ts-RL, it was 2.6% and 4.6%, respectively. Wall motion was assessed semi-quantitatively by an experienced observer using a 16 segment, 4-point scale model of the left ventricle, where 1=normal motion, 2=hypokinesia, 3= akinesia, and 4=dyskinesia. 16 The wall motion score index WMSI, wall motion score index; ETT-max, percentage of maximum heart rate achieved during exercise treadmill test; ETT-time, exercise time of treadmill test; E/E'sep, the ratio of mitral inflow E velocity to myocardial E'sep velocity; E/E'lat, the ratio of mitral inflow E velocity to myocardial E'lat velocity; LV, left ventricular; LVEF, LV ejection fraction; RV, right ventricular; Vs-LV, LV systolic myocardial velocity by mean of 6 basal segments; Ve-LV, LV early diastolic myocardial velocity by mean of 6 basal segments; Va-LV, LV atrial contraction myocardial velocity by mean of 6 basal segments; Vs-RV, RV systolic myocardial velocity; Ve-RV, RV early diastolic myocardial velocity; Va-RV, RV atrial contraction velocity; Ts-SD, the standard deviation of time interval among 6 basal segments of left ventricle; Ts-RL, the time interval from RV free wall to LV lateral wall. Other abbreviations as in Table 1 . Ventricular Dyssynchrony and Exercise Capacity
Figure.
An example of a patient (male, 73 years old) with ischemic heart disease, hypertension and diabetes who underwent exercise treadmill test and detailed echocardiography with tissue Doppler imaging (TDI). The exercise treadmill test was stopped at 5˝59´ due to fatigue when the peak heart rate achieved 98%. Exercise capacity of METs was 7.0, LVEF was 62% and regional wall motion score was (WMSI) was assessed as the ratio between the sum of scores and the number of visualized segments.
Treadmill Exercise Testing
All patients underwent an exercise treadmill test using the Bruce protocol. Testing was symptom-limited unless prematurely terminated for reasons recommended in the exercise testing guidelines. 17 EC was determined by the total METs (metabolic equivalents) achieved during peak exercise. 18 Ischemic ST-segment depression was defined as ≥1 mm horizontal or down-sloping depression of the ST-segment ≥80 ms after the J-point for 3 consecutive beats.
Statistical Analysis
All variables are presented as a percent and mean ± standard deviation, as appropriate. Comparisons were made between categorical variables using a chi-squire test. Comparisons between continuous variable were made using an independent t-test. To determine the relationships between clinical characteristics, echocardiographic parameters and EC, univariate and multivariate logistic regression analysis with forward stepwise (those with P<0.1 were included in the model) were performed. Correlation coefficients were used as Pearson r. All statistical analyses were performed with SPSS software package (version 16.0, SPSS Inc, Chicago, IL, USA). A value of P<0.05 was considered statistically significant.
Results
A total of 151 consecutive CAD patients (mean age 67±9 years old, range 44-88, 119 male) were enrolled for study. According to mean METs of the study group, patients were divided into impaired EC (METs ≤8) and without impaired EC (METs >8) as seen in Table 1 . Although patients with impaired EC were older and had higher systolic blood pressure, there were no significant differences in terms of gender and clinical status such as prevalence of prior MI, single or triple vessel disease and coronary revascularization between patients with (n=90) or without (n=61) impaired EC. Overall, 17 (11%) patients had evidence of myocardial ischemia as evidenced by ST-segment depression during exercise testing, however, there was no significant difference for ischemia during exercise in patients with or without impaired EC ( Table 1 , P>0.05).
In the impaired EC group, the percentage of maximum heart rate achieved during exercise treadmill testing (ETT-max) was reduced, duration of exercise time (ETT-time) was shortened, LV volume in systole and diastole were inversely smaller, and mitral inflow A velocity was higher (Table 2, P<0.05). As shown in Figure, Ts-SD was also significantly prolonged in the impaired EC group. However, there were no significant differences in WMSI, LVEF, atrial dimension, LV myocardial velocities, diastolic filling pressure indices (E/E'sep or E/E'lat) and diastolic function with different patterns in patients with and without impaired EC (Table 2, P>0.05).
Univariate logistic regression showed that age, ST segment depression on exercise, triple vessel vs. single vessel disease, body surface area, body mass index, LV volume in diastole and systole, LV mass, mitral inflow A velocity and Ts-SD were associated with impaired EC (Table 3) . Multivariate logistic regression by forward stepwise analysis after adjusting for the above significant variables and including systolic blood pressure, statins and clopidogrel usage, showed that only age (odds ratio [OR]: 1.136, 95% conference interval [CI]: 1.080-1.196, P<0.001) and Ts-SD (OR: 1.026, 95%CI: 1.003-1.049, P=0.027) were the independent predictors for impaired EC or METs ≤8.
Furthermore, there was no correlation in Ts-SD with ST segment depression, single or triple vessel disease(s), WMSI, LVEF, LV diastolic filling pressure indices and LV volume in systole and diastole (all P>0.05). But it did inversely correlate weakly with Vs-LV (r=-0.38, P<0.001) and Va-LV (r=-0.39, P<0.001).
Discussion
Our study has shown that in CAD patients with normal LVEF and narrow QRS duration, LV mechanical dyssynchrony predicted impaired EC, independently of a history of previous MI or regional wall motion abnormality (RWMA). It suggests that LV mechanical dyssynchrony might be a marker of early LV dysfunction even before RWMA or overt systolic and diastolic abnormalities, and that this occurs even when the LVEF is relatively preserved and QRS duration is within the normal range. The patients with impaired EC had similar LV myocardial velocities, filling pressures, left and right atrial dimension and index, and WMSI or whether there was single or triple Tables 1,2 . Ventricular Dyssynchrony and Exercise Capacity vessel disease present. In our study population, 40% of patients had a history of prior MI but there was no difference in WMSI between those patients with or without impaired EC. However, surprisingly, prolongation of Ts-SD was an independent predictor for impaired EC. This observation has been found also in an animal study. 19 When resting myocardium was subjected to progressive coronary stenosis, a delayed onset of subendocardial thinning was demonstrated in the early stage of hypoperfusion before the development of RWMA. Another porcine heart study found that mechanical dyssynchrony was affected by regionally stunned myocardium. 20 In addition, clinical studies showed that mechanical dyssynchrony was also associated with coronary stenosis but without a RWMA on resting echocardiography. 2, 21 Mechanical dyssynchrony, as defined by the standard deviation of time to peak systolic velocity by tissue Doppler imaging, reflects both electrical activation and/or the result of heterogeneity of contractile properties in the wall. The degree to which each is responsible is quite controversial and in any case is likely to vary between different patients and within different parts of the myocardium within the same patient. Myocardial activation is modeled by a ventricular time-varying elastance. When one wall is stiffer than the other, it stretches the alternate wall, generating dyssynchrony. 1,22, 23 The occurrence of LV mechanical dyssynchrony without significant electrical delay in the presence of myocardial ischemia might be the result of extracellular matrix deposition, myocyte loss, and pathological hypertrophy. 24, 25 Alternatively, infarction and its attendant fibrosis might impair cardiac conduction before reducing systolic or diastolic function. However, the lack of any relationship between the degree of CAD and RWMA suggests that factors other than ischemia might be involved, such as intramyocardial fibrosis or matrix changes that might affect electrical conduction. None of our patients had clinical evidence of systolic or diastolic HF but other studies have shown that LV dysfunction can occur on exercise despite normal resting echo. 26-28 Patients with treated hypertension and breathlessness on exertion have been shown to develop marked abnormalities of both systolic and diastolic function involving longitudinal function, torsion and twist despite normal echocardiograms at rest and without evidence of ischemia. 27 These studies also suggest that other factors relating to myocardial tissue or matrix changes might have significant effects on LV function especially on exercise. Dyssynchrony might be one such factor that results from these structural changes.
Our study also showed that LV mechanical dyssynchrony had no relationship with ischemia on exercise testing, WMSI and single or triple vessel disease, but inversely correlated with LV myocardial systolic velocity and atrial contraction velocity by tissue Doppler imaging. Myocardial velocity derived by tissue Doppler imaging has previously been shown to be a more powerful predictor for cardiac mortality than LVEF2d. 29, 30 In our study, surprisingly, higher body mass index, and larger LV volume in systole and diastole were consistently associated with better EC. Although obesity is associated with an increased risk of new onset HF, several studies have shown that healthy subjects and patients with CAD had a graded inverse relationship between body mass index and peak V O2 (ml · kg -1 · min -1 ). 31, 32 However, other reports also showed an inverse correlation between body mass index and mortality or major adverse cardiac events in those with systolic HF after MI or acute coronary syndrome, 33 and in patients after they have undergone percutaneous coronary intervention or coronary artery bypass grafting. 34, 35 Larger LVs in the normal EC group was an unexpected finding in our study population. However, these changes were not significant in the multivariate analysis.
Study Limitation
We were unable, in this study, to measure dyssynchrony on exercise due to technical limitations but this would be useful to confirm the relationship between exercise-induced dyssynchrony as well as resting dyssynchrony with reduced EC. In addition, it is likely that dyssynchrony might worsen or increase on exercise and contribute significantly to global ventricular dysfunction and symptoms of breathlessness. The limitations of exercise testing for the detection of ischemia are well recognized and stress echocardiography would be better. Unfortunately it was not technically possible to do this with this cohort of patients.
Conclusion
In patients with CAD and a narrow QRS duration, LV mechanical dyssynchrony predicts the occurrence of impaired EC, independently of a history of previous MI or RWMA. Mechanical dyssynchrony might be an early manifestation of ventricular dysfunction due to ischemia or myocardial matrix changes before the onset of RWMA or it could be more overt signs of ventricular dysfunction. However, it might contribute significantly to exercise limitation by impairing global function on exercise.
